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Introduction 

Protein-tyrosine kinases (PTKs) constitute a class of en-^ 
zymes which catalyze the transfer of the y-phosphate of el-" 
ther ATP or GTP to specific tyrosine residues in certain pro- 
tein substrates. Evidence suggests that these enzymes are 
important mediators of normal cellular signal transduction 
(1), with PTKs being the intracellular effectors for many 
growth hormone receptors (2-4). PTKs are also frequently 
the products of proto-oncogenes and their aberrant expres- 
sion has been associated with a variety of human cancers 
(5-7). Since the discovery a little over 1 0 years ago that the 
transforming gene product of the Rous sarcoma virus is a 
protein kinase which phosphorylates tyrosine residues, 
over 40 vertebrate PTKs have been identified. These may 
be categorized Into two main groups depending on whether 
they possess (receptor PTKs) or lack (non-receptor PTKs) 



tlon of kinase function Is frequently associated with "auto- 
phosphorylation" (self-phosphorylatlon) of one or more tyro- 
sine residues. This autophosphorylation is believed to be an 
intermolecular process between neighboring PTKs follow- 
ing oligomerlzation in. response to some signalling event, 
such as growth factor binding at the extracellular li- 
gand-binding domain of receptor PTKs (11). The mecha- 
nism by which autophosphorylation activates kinase action 
Is not known, but may involve conformational alterations 
which allow substrate access to the catalytic site and the 
generation of secondary recognition features necessary for 
substrate binding (12, 13). Autophosphorylation represents 
one means through which general modulation of PTK func- 
tion is achieved (14). Accordingly, an Important feature of 
many PTKs is the presence of conserved, non-catalytic do- 
mains termed "SH2" and "SH3" regions, which are located 
both within modulatory regions of PTKs and in certain en- 
dogenous substrates (1 5). These regions form tight associ- 
ations with specific peptide sequences containing phospho- 
rylated tyrosine residues and appear to direct 
protein-protein interactions, such as binding of substrate to 
the PTK. Mutations in the SH2 regions have been shown to 
affect the ability of PTKs to associate with specific endoge- 
nous substrates and to activate transforming potential (16, 
1 7). Aberrations in either the ability to respond to appropn- 
ate signalling or in the discrimination of substrate can poten- 
tially lead to errant signal transduction and neoplastic prolif- 
eration, u- u 
It is possible to delineate several common motifs which 
can serve as a basis for the design of PTK inhibitors (1 8-20). 
Central to the function of all PTKs is the recognition and 
binding of a nucleoside triphosphate (usually ATP) and an 
appropriate tyrosyl-containing substrate, followed by the 
ensuing direct transfer of phosphate between the two (21 , 
22). (Note: Although ATP and tyrosyl-containing peptide are 



extracellular ligand binding domains. Both receptor (2-3) '^^^^^^^ substrates, for purposes of this review the . 
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which modulate the activity of PTKs attractive therapeutic 
targets and pharmacological probes (8, 9). 

An active cytoplasmic catalytic domain has been demon 
strated to be essential for the ability of normal PTKs to in 
duce mitogenesis and for oncogenic PTKs to induce and 
maintain the transformed phenotype (3, 10). Initial activa-* 



to act by interfering with the catalytic process itself. Agents 
which inhibit this process can conceptually be classified as 
1) preventing the binding of ATP; 2) preventing the binding 
of substrate; 3) decreasing the catalytic efficiency of the en- 
zyme by some other mechanism. Agents which prevent the 
of substrate can be further delineated as those 
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which prevent the bindirig of the tyrosyl residue within the 
catalytic site and those which inhibit the recognition and as- 
sociation of the PTK with the larger substrate (for example, 
agents directed against SH2-interactions). 



Inhibitors of nucleotide binding 

An X-ray^crystal structure of the catalytic subunit of a cy- 
clic AMP-dependent protein kinase has recently been re- 
ported (23). Although this enzynne is a serine/threonine ki- 
nase, it affords insight into the catalytic domain of PTKs due 
to the high degree of homology among the catalytic domains 
of all protein kinases (24). It was observed in this case that 
the adenine ring of ATP is situated deep within a large cleft 
beneath a beta-sheet, the ribose sugar and triphosphate 
chain of ATP being more proximal to the cleft opening where 
actual catalysis presumably occurs. A similar architecture 
may be involved in the binding of ATP to PTKs. 

A variety of compounds have been shown to inhibit the 
function of PTKs in a manner which is competitive with re- 
spect to nucleotide binding. The fact that these agents usu- 
ally contain a planar portion, multiple aromatic rings and a 
variety of heteroatoms whose nature and location are ex- 
tremely Important for activity Is consistent with interaction 
at a cleft site which also recognizes the planar, highly f unc- 
tionallzed adenine ring of ATP. However, the absence of 
3-dimensionai structural information correlating molecular 
features of these inhibitors with ATP has impeded the devel- 
opment of new analogs based on rational mecha- 
nism-based approaches. Since a high degree of homology 
exists among the nucleotide binding domains of many 
ATP-utilizing enzymes, problems with a lack of specificity 
are potential side effects of agents which act at the ATP 
binding site. Increasing kinase specificity Is, accordingly 
one important focus of research in the development of such 
compounds. 



Nucleoside-based inhibitors 

Nucleoside-based analogs were among the first agents 
explored as potential inhibitors of ATP binding to PTKs. The 
known serine/threonine kinase inhibitor 5'-[4-(fluorosulfo- 
nyl)benzoyl]adenosine (5'-FSBA) 1 (Fig. 1 ) has been shown • 
to form covalent bonds to lysine residues within the active 
site of PTKs (25). Additionally, both ADP and GDP, as well 
as the unusual diadenosine 5',5"-PiP4 tetraphosphate 
(AP4A), have also been shown to inhibit PTK activity (26). 
Problems with membrane transport coupled with a lack of 
specificity and potency make these compounds unpromis- 
ing as therapeutic leads. 



Flavonoid inhibitors 

Flavonoids possess a variety of biological properties, in- 
cluding the ability to interact with nucleotide binding sites in 
several different enzyme systems (27). A number of natural- 
ly occurring flavones (of which quercetin 2 is an important 
example) and isoflavones (typified by genistein 3) have 
been shown to inhibit the function of PTKs in a manner 



which is competitive with respect to ATP (28). Flavones and 
isoflavones are isomeric heterocycles having placement of 
a phenyl ring at either the 2-position (flavones) or 3-position 
(isoflavones) of a benzopyrone ring system. These naturally 
occurring compounds differ principally in the distribution of 
hydroxy! or methoxyl groups at positions 3,5,7 of the benzo- 
pyrone ring system and positions 3' and 4' of the phenyl ring. 
In general, inhibitory potency Is enhanced with increasing 
numbers of hydroxyls at these positions (28). Potency is re- 
duced if hydroxyls are replaced by methoxyls, while a 
double bond between carbons 2 and 3 is required for activity 
(29). Flavones and Isoflavones differ In their inhibitory pro- 
files both in their relative selectivity towards PTKs versus 
serine/threonine kinases (30) and in their potencies among 
different PTKs (29). It has been suggested that these com- 
pounds exhibit multiple ways of interacting with PTKs (30). 
The lack of well defined QSAR correlations for PTK inhibi- 
tors in general, and for flavonoids in particular, may be a re- 
flection of these multiple modes of interaction. The addition- 
al ability of flavonoids to exhibit superposition of critical 
molecular functionality in multiple orientations further com- 
plicates the rational modification of these agents (Fig. 2). 

I n spite of these ambiguities, analogs have been prepared 
which exhibit Improved potency and selectivity'. Some of 
these synthetic flavonoids contain nitrogen functionality 
which may afford recognition features presented by nitro- 
gens in the adenine ring of ATP. These modifications have 
occurred at either the 2 (3.1) or 4' (Compound 4) (32) posi- 
tions and have sometimes resulted in compounds with en- 
hanced PTK Inhibitory activity (32). Additionally a large se- 
ries of flavones containing nitrogen functionality at the 8 
(Compound 5) (34) and 5.4' positions (34) exhibited good 
antiproliferative activities, although PTK Inhibition was not 
measured, the fact that PTKinhibitory potency does not al- 
ways correlate with antiproliferative potency (31) suggests 
that factors other than simple PTK Inhibition may be in- 
volved in the biological activity of flavonoids in whole cell or 
animal systems (35). 



Heterocycle-containing inhibitors 
i)Amiloride 

A variety of nbn-flavohoid heterocycles inhibit PTKs in a 
manner which is competitive with respect to ATP. Amiloride 
6, which bears some resemblance to adenine, is competi- 
tive with respect to ATP and has been shown to inhibit a 
number of PTKs at levels which approximate those required 
to block mitogenic response to growth factors (36). Although 
amiloride has been shown to inhibit tumor growth in vivo 
(37) , its inhibition of a number of other kinases and its effects 
on multiple cellular functions diminishes its potential as a 
therapeutic lead. 



2) Staurosporine 

Staurosporine 7, a member of the indolecarbazole group 
of antibiotics, was initially isolated as a fermentation product 
which exhibited marked cytotoxic activity. It and a number 
of related analogs (38, 39) have been shown no be potent, 
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Fig. 1 . Inhibitors which are competitive with respect to ATP. 



nonspecific inhibitors of multiple kinases, including PTKs 
(38). While studies have shown that staurosporine binds to 
a single class of binding site in these receptors in a manner 
which is competitive with ATP, its binding is not affected by 
other agents known to compete with ATP at the catalytic do- 
main (40)). This, when considered with the fact that its po- 
tency in cells is much greater than would be expected based 
on the intracellular concentration of ATP (38 and references 
therein), brings into question the exact nature of the interac- 
tion of staurosporine at the catalytic site. 



Styryf'containing inhibitors 

An important lead in the development of agents which in- 
hibit PTKs by competing for ATP binding has been provided 



by the antileukemic compound piceatannol 19. a polyhy- 
droxylated stilbene. While piceatannol bears striking resem- 
blance to the f lavone quercetin 2, with nearly exact superpo- 
sition of both aryl ring and accompanying hydroxyls (Fig. 2), 
it has been shown to inhibit PTKs by competing with the 
phosphoacceptor peptide (41). Piceatannol represents a 
hybrid structure containing features of both the f lavones/iso- 
flavones (which are competitive with resect to ATP) and the 
styryl-based compounds typified by erbstatin which are 
competitive with respect to substrate (see below). A series 
of derivatives of piceatannol have been prepared. Replace- 
ment of the 3,5-dihydroxyphenyl ring with 3-pyridyl ring re- 
sults in a 10-fold loss of activity. However, changing the 
3,4-dihydroxyphenyl ring of this compound to a 3,5-dime- 
thoxyphenyl ring provides an analog (compound 8) which 
has a potency closer to piceatannol. and which is competi- 
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Fig. 2. Comhnon structural elements in a variety of PTK inhibitors. 



tive with respect to ATP (42), This unusual alteration in the 
mechanisnn of inhibition is significant, and underscores the 
ability of subtle structural changes to direct agents toward 
either the ATP or substrate binding sites. This may provide 
useful information regarding enzyme-substrate and 
enzyme-ATP interactions. 



Miscellaneous inhibitors 
1) Adriamycin 

Adriamycin 9 Is an antineoplastic anthracycline antibiotic 
known for its ability to interact with DNA as well as its ability 
to interact with lipid membranes. Consistent with its planar, 
polyhydroxylated structure, adriamycin has also been 
shown to inhibit a number of PTKs in a manner which is 
competitive with respect to ATP. However, inhibition is great- 
ly affected by the nature and concentration of substrate, in- 
dicating possible additional interactions at secondary sites 
(43). While adriamycin is not an effective inhibitor of many 
serine/threonine kinases, it does afford inhibition of protein 
kinase-C, limiting its value as a specific PTK inhibitor. 



Lavendustin A 

A potentially important lead in the development of new 
PTK inhibitors has been afforded by the fermentation prod- 



uct lavendustin A 10, which is an exceptionally potent com- 
petitive inhibitor of ATP binding to PTKs (44). While contain- 
ing multiple aromatic rings, lavendustin A lacks the 
extended planarity present in many PTK inhibitors which are 
competitive with respect to ATP. Interestingly, the 2,5-dihy- 
droxyphenyl group of erbstatin 1 3 (which Is competitive with 
respectto substrate; see below) is also present in lavendus- 
tin A (Fig. 2) and appears to be essential for activity. Struc- 
ture-activity studies have shown that simplified structure 11 
retains substantial activity, and may contain key elements 
necessary for PTK recognition (44). Lavendustin A inhibits 
neoplastic cells growth in culture at concentrations signifi- 
cantly higher than that required to inhibit PTKs in in vitro as- 
says. 



Inhibitors of phosphoacceptor interaction at the cata- 
lytic site 

Compounds which are competitive with respect to tyro- 
sine-containing substrate conceptually offer a degree of se- 
lectivity towards PTKs versus serine/threonine kinases. 
However, unlike these latter protein kinases which depend 
on specific amino acid sequences proximal to the sub- 
strate's target residue, PTKs lack absolute recognition mo- 
tifs in the vicinity of the phosphorylated tyrosine. This and 
the fact that very high K^ values are observed for small syn- 
thetic peptides relative to larger protein substrates, indi- 
cates that secondary or tertiary recognition features re- 
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moved from the catalytic site may be responsible for 
substrate binding (45). As previously mentioned, SH2 and 
SH3 domains whicfi reside outside of the catalytic domain 
(15) may participate in this recognition. Agents which are 
competitive with respect to phosphoacceptor substrate may 
therefore inhibit the interaction of the tyrosyl residue at the 
catalytic site, or alternatively interfere with substrate recog- 
nition at more distant "recognition domains". A number of 
agents have been shown by kinetic analysis to be competi- 
tive with respect to substrate and these generally contain 
structural features which in some manner mimic tyrosine it- 
self. 



Peptidic inhibitors 

While not all tyrosine-containing peptides are phosphory- 
lated by PTKs, a. number of small tyrosine-containing pep- 
tides modeled on sequences surrounding PTK autophos- 
phorylation sites, and several unrelated peptides, including 
analogs of angiotensin and gastrin, have proven to be rea- 
sonable substrates (45). Synthetic random polymers con- 
taining tyrosine, glutamic acid, alanine and lysine have also 
been shown to serve both as substrates and inhibitors of 
several different PTKs, depending on the ratios of the con- 
stitutive amino acids (46). Replacement of tyrosine residues " 
with nonphosphorylatable residues in certain peptidic sub- 
strates has resulted in analogs which inhibit PTK function by 
the. selective block of autophosphorylation (47); however, 
such replacement does not always result in inhibition (22): 
An unusual analog of angiotensin I. in which the tyrosyl resi- 
due has been replaced by a beta-(4:pyridyl-1-oxide)-L-ala- 
nine, was designed as a mechanism-based irreversible 
substrate inhibitor (48). This analog proved to be an ex- 
tremely weak competitive inhibitor of substrate binding and 
behaved in a reversible manner. Gastrin, a small tyro- 
sine-containing peptide which serves as a suitable phos- 
phoacceptor substrate for many PTKs, has been modified 
by incorporation of tetrafluprotyrosine bearing the unnatural 
.D-configuration. This peptide proved to have a higher affin- 
ity than gastrin and exhibited PTK inhibition which was com- 
petitive with respect to substrate (49). The increase in bind- 
ing affinity relative to gastrin was attributed to ionization of 
the tyrosyl hydroxyl resulting from a lowering of its pKa. It 
was suggested that the resulting ionic species approxi- 
nnates a transition state analog by more closely resembling 
the ionization state of the phenol during the transfer of phos- 
phate. Interestingly, the corresponding peptide incorporat- 
ing L-tetrafluorotyrosine was competitive with respect to 
both ATP and protein substrate. Generally, because of their 
high Kni values, instability and poor transport properties, 
. peptide-based inhibitors do not possess promising thera- 
peutic potential. 



Amino acid-like inhibitors 

A series of small non-peptidic compounds related in struc- 
ture to aromatic amino acids have been shown to inhibit the 
insulin receptor (IR).PTK in a manner which is competitive 
with respect to peptide substrate. The most effective analog, 
^'Boc-Tyr-aminomalonic acid, inhibited both exogenous 



substrate phosphorylation and autophosphorylation as well 
as insulin-dependent ITpogenesis and insulin-dependent 
antilipolytic effects (50). Derivatives of 3-(hydroxyphen- 
yl)pyruvic and lactic acids have also been prepared (51). 
These compounds are of extremely low potency. 



Styryl-containing inhibitors 

An important structural motif which has arisen in the de- 
velopment of small molecules which function competitively 
for peptide substrate at the catalytic site was first evidenced 
by Wong in 1 984 when replacement of the tyrosine residue 
of an angiotensin II analog by a dehydrophenylalanine de- 
rivative (compound 12) (Fig, 3) transformed the peptide 
from a PTK substrate to an inhibitor (22). The potent PTK in- 
hibitor erbstatin 13 was then isolated from the fermentation 
broth of a Streptomyces and shown to possess a structure 
which also contains the "styryl" moiety (52). From the period 
1985-1988 derivatives were prepared not only of erbstatin 
(53) but also of a wide variety of extremely potent PTK inhibi- 
tors based on other sytyri-containing nuclei. These latter 
were synthesized in piorieering work by Shiraishi e/a/., who 
employed diverse functionalities both on the aryl ring and at 
the terminal vinyl positions (54-65). Some analogs (for ex- 
ample compound 1 4 (54)) achieved IC50 values in the sub- 
micromolar range. Subsequently three broad families of de- 
rivatives based on this theme have been prepared by 
Levitzki et al., who suggest that the name 'tyrphostin" be 
applied to this class of compounds (66-71 ). Structural simi- 
larities of styryl-based PTK inhibitors to tyrosyl residues has 
^ Jed to the hypothesis that these agents may function as pep-,^ 
tidoniimetics which compete for tyrosyl-containing sub- 
strates at the catalytic site (71 -73), a fact which is supported 
both by Wong's initial observations using the dehydrophe- 
nyialanine-containing peptide (22) and by the kinetics of in- 
hibition which indicate that many compounds of this class 
are competitive with respect to peptide substrate (66, 68, 72, 
73). Accordingly, these compounds typically, exhibit a high-, 
specificity for PTKs relative to serine/threonine protein ki- 
nases (64, 74) and have also shown remarkable selectivity 
among different families of PTKs (66, 68-72, 75). 
' The activity of compounds such as 15 (69), which is a 
ring-constrained analog of styryl-based inhibitor 16 (68), 
and compound 1 7 (76), which is a ring-constrained mimic of 
18 (68), indicate that the aryl ring and vinyl side chain of sty- 
ryl-based inhibitors may be co-planar in the active confor- 
mation, similar to flavonoids. One striking feature of the fla- 
vonoid ATP inhibitors is the planarity of the benzopyrone 
ring system. Consistent with the ability of styryl-based inhib- 
itors to provide partial recognition features found in flavo- 
noids is the report that erbstatin is an effective inhibitor of 
some serine/threonine protein kinases where it is competi- 
tive with.respect to ATP (77). The potential for a more com- 
plex mode of interaction with PTKs, other than simple mim- 
icking of a tyrosyl-containing substrate, is also shown with 
piceatannol 1 9, which is competitive with respect to peptide 
substrate (41). Since piceatannol has a structural resem- 
blance to inhibitors which are competitive with respect to 
peptide substrate and inhibitors which are competitive with 
respect to ATP (Fig. 2), it is not surprising that modifications 
of piceatannol can result in analogs which are competitive 
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Fig. 3. Inhibitors which are competitive with respect to phosphoacceptor. 
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either with respect to ATP (compound 8) or competitive with 
respect to peptide substrate, depending on the modification 
(42, 78). The potential for multiple modes of interaction may 
also be indicated by unusual PTK inhibition curves obtained 
with certain of these Inhibitors (75)., Such curves could indi- 
cate sites of Interaction with the enzyme which are distinct 
from either the ATP or peptide substrate binding sites (70). 
In spite of the uncertainties regarding the mechanism of ac- 
tion of styryl-based PTK Inhibitors, these agents are proving 
to be useful pharmacological tools (79-86) and may provide 
potentially valuable antiproliferative agents (70, 71 , 87-90). 



22), being separated by a small distance (spannable by a tri- 
phosphate chain). Many bisubstrate analogs designed as 
inhibitors of PTKs emphasize the ATP moiety, ("nucleo- 
slde-based"), having a fully formed nucleoside with the sub- 
strate-tyrosyl portion represented to a lesser extent by a 
simple aromatic ring tethered by an appropriate "polyphos- 
phate-like" chain at some distance from the nucleoside. An 
alternative approach to the design of bisubstrate analogs 
emphasizes the substrate-tyrosyl portion ("phosphoaccep- 
tor-based"), relegating the ATP portion to a more minor con- 
stituent such as a phosphonate group. 



Me 



Bisubstrate analogs as inhibitors at the catalytic site Nucleoside-based bisubstrate inhibitors 



Bisubstrate analogs Incorporate structural aspects of 
both ATP and tyrosyl-contalning substrate. Theoretically by 
presenting a greater array of recognition features, these 
agents have the potential of displaying higher affinity than 
compounds which Interact singly at either the ATP or sub- 
strate binding sites. Such compounds are based on the as- 
sumption that both ATP and tyrosyl-contalning substrate are 
simultaneously bound to the PTK in a ternary complex (21 , 



Nucleoside-based bisubstrate analogs rely on structural 
elements of ATP to provide kinase affinity, with selectivity to- 
wards PTKs being provided by additional structural ele- 
ments which mimic a ty rosyl moiety. Analogs have been de- 
signed which replace the highly charged triphosphate chain 
of ATP with functionalities more compatible with lipid trans- 
port. Nucleoside-based bisubstrate Inhibitors differ princi- 
pally In the nature and length of this triphosphate replace- 
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ment and on the moiety utilized to mimic the tyrosyl unit. In 
one approach the triphosphate chain was replaced with a 
oropionylphosphate and utilized a simple p-toiuyioxy group 
to mimic the tyrosyl ring (compound 20) (91 ). In PTK assays 
this analog is competitive with respect to ATP and uncom- 
netitive with respect to substrate, indicating that binding is 
occurring exclusively at the ATP site (with no corresponding 
interaction at the substrate binding site as intended). Since 
it is the interaction with the substrate binding site which 
should provide selectivity towards PTKs, it is surprising that 
this compound exhibits considerable selectivity towards 
PTKs versus a serine/threinine kinase (91) (Fig. 4). In 
another series of nucleoside-based bisubstrate inhibitors in 
which the p-sulfonylbenzoyi moiety is used to mimic the 
phosphate chain, the tyrosyl portion is provided by a phenyl 
ring separated from the p-sulfonylbenzoyi group via methy- 
lene chains of varying length and joined by either an amide 
or ester linkage (for example, compound 21) (92). PTK inhi- 
bition is independent of spacer chain length and binding ap- 
pears to occur at the ATP binding site with no^ apparent bind- 
ing at the substrate-tyrosyl site. Unlike analog 20 described 
above (91 ), there appears to be no selectivity towards PTKs 
.versus serine/threonine kinases. In separate studies de- 
signed to examine the role of both phosphate chain length 
and structural determinants for interaction with the tyrosyl 
binding site, a variety of substituents were tethered to aden- 
osine via polyphosphate chains of varying length (93). In 
spite of the fact that some analogs employ tyrosine-like 
moieties endowed with significant peptide character (com- 
pound 22), neither the nature of the tyrosyl mimetic nor the 
polyphosphate chain length significantly affected IC50 val- 
ues, indicating that recognition and binding was occurring 



principally at the ATP binding site. To date nucleoside-based 
bisubstrate analogs have been unable to effectively provide 
simultaneous recognition of both ATP and tyosyl substrate 
binding sites, and further work will be required to demon- 
strate the potential utility of this class of compounds. 



Phosphoacceptor-based bisubstrate inhibitors 

Phosphoacceptor-based, in contrast to nucleo- 
side-based, bisubstrate inhibitors principally mimic the ty ro- 
syl-containing substrate, with minimal structural features di- 
rected towards the ATP binding site. As has been shown 
above, certain styryl-based compounds, such as erbstatin, 
inhibit PTKs in a manner which is competitive with respect 
to tyrosyl-containing substrate, indicating that such com- 
pounds may have the capacity to mimic tyrosyl residues at 
the active site. Analogs have been prepared which incorpo- 
rate phosphonate or hydroxymethylphosphonate function- 
ality into such styryl-based molecules, thereby allowing po- 
tential interaction with both substrate and ATP binding sites. 
The first report of such an approach utilized a simple naph- 
thalene ring to mimic the styryl-nucleus and included a 2-hy- 
droxymethylphosphonate group to interact with features at 
the catalytic site constituently involved in the transfer of the 
gamma-phosphate from ATP (compound 23) (94). This 
analog showed moderate inhibition against thejnsulin re- 
ceptor PTK and the EGFR PTK, and was somewhat selec- 
tive for PTKs v/ersus serine/threonine kinases. However, ki- 
netic analysis indicated that inhibition yyas competitive with 
respect to tyrosyl-containing substrate and noncompetitive 
with respect to ATP, with binding being somewhat coopera- 




Fig. 4. Bisubstrate inhibitors. 
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tive with respect to ATP. One interpretation of these results 
is that the active site can accomodate four phosphate 
groups (94). Protected derivatives of 23 were additionally 
prepared to enhance transport across cellular membranes. 
While inactive in their protected form, such prodrugs can be 
converted to the active phosphonate within cells and have 
been shown to be antiproliferative in several tumor cell lines 
(94). In a separate study based on a similar rational, the hy- 
droxy methylphosphonate group was incorporated into a va- 
riety of more fully elaborated styryl-based compounds (for 
example, compound 24) (95). While it would be expected 
that such compounds should possess greater inhibitory ac- 
tivity than the simple naphthalene-based compound 23, sur- 
prisingly all analogs proved to be inactive. Since these latter 
agents more closely represent the structural features which 
the.naphthalene-based compound seeks to mimic, their in- 
activity may indicate either that the naphthalene-based ana- 
log 23 is not binding in a manner analogous to the sty- 
ryl-based inhibitors, or that the styryl-based class of 
inhibitors, including erbstatin. do not interact at the catalytic 
site in a manner which is analogous to tyrosyl residues (95). 
Additional work is ongoing to more fully examine these 
questions. (See Addendum) 



Inhibitors of substrate recognition outside the cata- 
lytic site 

Low affinities and general lack of a well defined correlation 
between amino acid sequences of small tyrosine-containing 
peptides and affinity towards PTKs is suggestive that higher 
order protein interactions outside the catalytic site are con- 
stitutively involved in substrate binding. As previously men- 
tioned, semi-conserved noncatalytic domains termed "src 
homology regions" 2 and 3 (SH2 and SH3) are found in a 
number of PTKs and in cellular proteins and substrates 
which associate with PTKs. These regions regulate 
PTK-substrate interaction by recognizing and binding to 
specific peptide sequences containing phosphorylated tyro- 
sines (1 5). Such phosphorylated tyrosines may reside with- 
in the PTKand resultfromautophosphorylation or phospho- 
rylation by other kinases, or may be located within the, 
substrate. A phosphotyrosine-containing consensus se- 
quence derived from PTK autophosphorylation sites has 
been proposed for recognition and binding to an SH2 do- 
main of one important PTK substrate, phosphatidylinosi- 
tol-3 kinase (PI3 kinase) (96). Conceptually, agents which 
interfere with this association have the potential of inhibiting 
PTK function by preventing the recognition and binding of 
substrate. A phosphotyrosine-containing 20-amino acid se- 
quence encompassing an autophosphorylation site of the 
PDGF PTK has been shown to selectively block the associ- 
ation of PI2kinase with the PDGF kinase (97). More recently 
this recognition sequence has been narrowed to a 5 amino 
acid phosphotyrosine-containing peptide which has the ca- 
pacity to, selectively block the binding of the PI3 kinase (98). 
The high structural specificity for this inhibition (homologous 
peptides possessing single amino acid alterations were in- 
active) (98) and the fact that SH2 domains of different sub- 
strates exhibit differential recognition of PTKs (1 5) could en- 
dow SH2-based inhibitors with a very high degree of 
selectivity 



While the above approach is based on phosphotyro- 
sine-containing sequences which are recognized by SH2 
domains, an alternate approach involves the preparation of 
analogs which are modeled on portions of the SH2 domain 
itself. In this regard a 21 amino acid sequence derived from 
a segment of the SH2 region of the v-src PTK was found to 
inhibit a variety of PTKs in a manner which was not competi- 
tive with respect to either substrate or ATP In addition, it 
showed no activity against serine/threonine kinases (99). 
While the mechanism of this inhibition is not understood, it 
demonstrates the potential utility of designing SH2-based 
inhibitors which mimic portions of the SH2 domain itself and 
which do not contain phosphotyrosine residues. 



Agents which inhibit by other mechanisms 

A variety of agents have been shown to inhibit PTKs by 
mechanisms of action which have not been demonstrated 
.or which do not fall explicitly within categories covered 
■ above. A brief description of some of these compounds will 
be provided below (Fig. 5). 



Herbimycin A 

Herbimycin A 25, a benzoquinoid ansamycin antibiotic 
isolated from a culture of a Streptomyces has been shown 
to reduce the phosphotyrosine content, effectively reverse 
the transformed phenotype of cells bearing a number of on- 
cogenic TPKs (1 00. 1 01 ), and reestablish contact inhibition 
(102). While this effect has been shown to be reversible in 
living cells (102). irreversible inhibition of immunopurified 
PTK preparations has been observed, although it can be 
abrogated by the presence of sulfhydryl reagents (103). 
Such evidence may indicate covalent interaction of herbi- 
mycin A with sulfhydryl groups on the PTK. Additional stu- 
. dies have shown that PTKs can be protected from herbimy- 
cin A induced inactivation by pretreatment with other 
sulf hydryl-reactive reagents which do not themselves inacti- 
vate the kinase. This latter evidence suggests that herbimy- 
cin A may bind to sulfhydryl groups which are situated near 
the catalytic site, but which are not required for kinase activ- 
ity (1 04). While only partially cytocidal at concentrations re- 
quired to reverse transformation, herbimycin A has potential 
clinical utility in its ability to establish synchronous growth 
following its removal. Such synchronism when used in com- 
bination therapy could potentially enhance the effectiveness 
of other chemotherapeutic agents directed against DNA 
synthesis (105). 



Thiazolidine-diones 

Several derivatives of thiazolidine-diones (for example, 
compound 26) have been shown to specifically inhibit PTKs 
(EGFR and c-src) at concentrations where serine/threonine 
kinases are not inhibited, and to have some selectivity 
among different PTKs (v-abi is not inhibited as effectively) 
(106). These agents are ableto inhibit PTKs in vitro'm intact 
cells and to inhibit growth factor-induced mitogenesis. Inhi- 
bition is not competitive with respect to ATP, indicating that 



Drugs Fut 1992, 17(2) 



MeO 



12- 




^^eO ^4e Me 
25 

Herbimycin A 



Me s^' 

O^N N-< T 

^ V 




28 

(+)-Aeroplysinin-l 



Me 
CH2 



26 




29 

(+/-)-Phenazocine 
Fig. 5. Miscellaneous inhibitors. 





the compounds were not functioning as ATP analogs. Thia- 
zolidine-diones represent an interesting new class of 
PTK-selective inhibitors. 



Epiderstatin , 

Epiderstatin 27, a piperidinedione member of the glutari- 
mide antibiotics (1 07), was isolated from a strain of Strepto- 
myces and shown to inhibit mitogenic activity induced by 
epidermal growth factor (108). Unlike the thiazol- 
idine-diones, epiderstatin does not inhibit EGFR kinase ac- 
tivity /n vitro (1 08) and its mechanism of action in living cells 
is unknown. 



H'Aerop/ysinin-1 

The naturally occurring tyrosine metabolite (+)-aeroplysi- 
nin-1 28 is a highly potent inhibitor of EGFR kinase activity 
'n receptor preparations and blocks EGF-dependent prolif- 
eration of human breast cancer cells (1 09). The compound 
has also been shown to possess potent cytotoxic activity 
against tumor cell lines at concentrations which are only cy- 
tostatic against non-transformed cells (110). While' the 
mechanism of EGFR inhibition has not been explored, 
+)-aeroplysinin-1 may potentially represent an interesting 
lead in the development of PTK inhibitors. 

Phenazodne- 

It IS known that certain opioid compounds exhibit antineo- 
plastic properties. Since the analgesic action of opiates de- 
pends on their ability to mimic small endogenous tyro- 
sine-containing peptides, a study was undertaken to 



examine whether the observed antineoplastic effects of opi- 
ates was associated with inhibition of PTKs (1 11 ). Of 1 3 opi- 
ates examined for inhibition of EGFR kinase activity, only 
(+)-phenazocine 29 was found to be active, possessing a 
potency approaching that of erbstatin in the assay The 
mechanism of inhibition was not examined. 



Halomethyl ketones 

A variety of halomethyl ketone derivatives of amino acids 
and peptides have been shown to inhibit PTKs. One particu- 
larly well studied derivative, Boc-Leu-CHa-Br, inhibits the 
EGFR PTK in a manner which does not apparently affect ei- 
ther the binding of EGF or ATP to the receptor. Interestingly 
binding of EGF significantly protected protected against the 
effects of the inhibitor. Inhibition was selective for PTK ver- 
sus serine/threonine kinases and showed some discrimina- 
tion between three different PTKs (112). 



Lipid-active inhibitors 

Most PTKs are intimately associated with lipid environ- 
ments. Catalytic activity can be modulated by agents which 
affect this interaction, a phenomenum which is shared by 
other lipid-bound kinases such as protein kinase C (113). 
Chlorpromazine 30 is an effective inhibitor of the src PTK, 
and evidence suggests that it exerts this inhibitory activity 
through interaction with phospholipids (11 4). Such inhibition 
is nonspecific and extends to other kinases such as protein 
kinase C (113). Sphingosines are inhibitory to both PTKs 
and protein kinase 0; however, /V-substituted sphingosines 
are stimulatory to c-src and v-src (115), indicating a more 
complex interaction than simple membrane disruption. Reti- 
noic acid has also been shown to inhibit EGF-stimulated cell 
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proliferation in a manner which parallels its inhibition of 
EGFR kinase activity. The inhibition of retinoic acid on 
EGFR does not appear to be nnediated through modulation 
of protein kinase C and may arise from alterations in EGFR 
structure (116). While the potential of lipid-active agents 
such as TPK inhibitor-based therapeutics may be limited by 
lack of specificity, patent protection has been applied for a 
series c)f'polyunsaturated long chain fatty acid-containing 
amino acid derivatives as antineoplastic agents which are 
claimed to function by inhibiting PTKs (117). 



Conclusions 

Agents which inhibit the function of PTKs have potential 
both as antiproliferative therapeutics and as probes for elu- 
cidating the role of these enzymes in signal transduction. 
The lack of three-dimensional structural information regard- 
ing PTKs, and the ability of inhibitors which are closely re- 
lated in structure to interact with PTKs by different modes, 
complicates the rational design of new PTK inhibitors. In 
spite of these limitations, significant advances in the area of 
analog design are predictable. These, in turn, should pro- 
vide the basis for arriving at a greater understanding of the 
functional relationships of PTKs themselves. 



Addendum 

Two significant developments worthy of note appeared in 
print following the initial isubmission of this review. The prep- 
aration of sulfonylbenzoyl-nitrostyrenes, which were de- 
signed as "phosphoacceptor-based bisubstrate" PTK inhib- 
itors (using the terminology of this review) were reported 
(118). The approach, which was conceptually similar to that 
employed in the design of compound 24 (95), utilized the 
sulfonylbenzoyi moiety to mimic the phosphate chain of. 
ATP, in combination with a nitrostyryl group, which mimicked 
the tyrosyl portion of the substrate. Some of the resulting 
analogs were extremely potent, with one compound exhibit- 
ing an IG50 against EGFR PTK of 54 nm. This report is im- 
portant in that it highlights the utility of phosphoacceptor- 
based bisubstrate compounds as rationally designed PTK 
inhibitors. The discrepancy between the very good activity 
of the sulf onylbenzoy l-nitrosty ry I as compared to the inactiv- 
ity of the phosphonomethyl-styryls (such as 24) also em- 
phasizes the importance of the kind of functionality used to 
mimic the ATP phosphate chain. 

A second important development originates from a de- 
tailed kinetic analysis of the interaction of lavendustin A 10 
and a closely related analog with the EGFR PTK (119). 
While initial reports indicated that lavendustin A was com- 
petitive with respect to ATP and non-competitive with re- 
spect to peptide substrate (44). this more detailed kinetic 
analysis indicated that lavendustin A is a "mixed type inhibi- 
tor", affecting the binding of both ATP and tyrosyl-substrate. 
This is significant in that it suggests the presence of a bind- 
ing site for lavendustin A which is distinct from the binding 
site of either ATP or tyrosyl-substrate. The existence of such 
an "auxiliary binding site(s)" could explain unusual inhibition 
curves found with other PTK inhibitors (70. 75) and has im- 



portant implications in the rational design of mechanism- 
based PTK inhibitors. 
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